The detection of metal contaminants such as Ni, Cr, As, Cd, Hg etc. in the environment continues to receive much research attention due to their adverse effects on the human and aquatic species. 1 The impact of nickel and its compounds on aquatic species and to humans has been systematically studied. 2 According to EPA regulations, the recommended water quality criteria for nickel is set below 0.6 ppm for human consumption. It was found that [Ni 2+ ] >1 ppm levels in the aquatic environment proved to be lethal to several aquatic species. The number of techniques employed for the detection of nickel is fairly large. Some of the common laboratory techniques employ gravimetry, atomic absorption spectroscopy, mass spectrometry, 3,4 spectrophotometry, 5 electroanalytical techniques, 6,7 chemical spot testing, colorimetric analysis and ion exchange.
Introduction
The detection of metal contaminants such as Ni, Cr, As, Cd, Hg etc. in the environment continues to receive much research attention due to their adverse effects on the human and aquatic species. 1 The impact of nickel and its compounds on aquatic species and to humans has been systematically studied. 2 According to EPA regulations, the recommended water quality criteria for nickel is set below 0.6 ppm for human consumption. It was found that [Ni 2+ ] >1 ppm levels in the aquatic environment proved to be lethal to several aquatic species. The number of techniques employed for the detection of nickel is fairly large. Some of the common laboratory techniques employ gravimetry, atomic absorption spectroscopy, mass spectrometry, 3, 4 spectrophotometry, 5 electroanalytical techniques, 6,7 chemical spot testing, colorimetric analysis and ion exchange. 3 In this paper, we report on a new approach for the detection of Ni 2+ by multiple internal reflection infrared spectroscopy (MIRIS) using a silicon ATR optical element modified with a uniform coating of DMG probe molecules embedded in a Nafion matrix. The concept of multiple internal reflection spectroscopy has been successfully employed by researchers to analyze various species in different environments. [8] [9] [10] [11] [12] As illustrated in Fig. 1 , each total reflection can set up a surface-confined standing-wave pattern (evanescent wave) which can effectively activate the IR vibration modes near to the ATR surface. Up to 90 internal reflections within an ATR silicon crystal were employed in this study to enhance the detection sensitivity. A unique C=N infrared stretching peak (at 1572 cm -1 ) from Ni(DMG)2 affords the identification and quantification of Ni 2+ . Nafion not only holds the DMG probe molecule near the silicon ATR surface, but also functions as a cation exchange channel to promote the complexation of Ni 2+ with DMG. In addition, the Nafion matrix was shown to effectively block the organic residues in the environmental sample from fouling up the silicon ATR sensor. To the best of our knowledge, the present study constitutes the first quantitative analysis of nickel using the ATR technique with a DMG/Nafion probe.
Experimental

Reagents and materials
Reagent-grade dimethylglyoxime (MCB Chemicals) and nickelous sulfate (Fischer Scientific) were used. A 5 wt% solution of Nafion perfluorinated ion-exchange resin in a mixture of lower aliphatic alcohols and water was obtained from Aldrich Chemicals. Reagent-grade methanol, ethanol, ammonium hydroxide and hydrogen peroxide were used. Ultrapure water from a Millipore Milli-Q system (18.2 MΩ cm) was utilized for all dilutions. A new analytical approach for the detection of Ni 2+ utilizing an attenuated total reflection (ATR) technique is discussed in this paper. Nickel detection was accomplished on a silicon ATR parallelogram crystal uniformly coated by a ca. 1.5-µm Nafion film embedded with dimethylglyoxime (DMG) probe molecules. The detection of Ni 2+ is based on the appearance of a unique infrared absorption peak at 1572 cm -1 that corresponds to the C=N stretching mode in the nickel dimethylglyoximate, Ni(DMG)2, complex. The suitable operational pH range for the nickel infrared sensor is between 6 -8. High alkalinity in the sample solution causes a leaching of Ni(DMG)2. The detection limit of the nickel infrared sensor is 1 ppm in a sample solution of pH = 8. Interference studies revealed that Cu 2+ could compete with Ni 2+ for the DMG sites in the Nafion matrix. The new nickel detection methodology can be potentially utilized, after further improvement, in field analysis to locate hot spots contaminated with a high ppm of Ni 2+ . 
Ni 2+ sample solutions
Standard Ni 2+ solutions (pH = 6) were prepared by dissolving NiSO4(s) in Milli-Q water. Lake water samples were collected from Lewisville lake located north of Dallas, Texas. Lake water sample was analyzed by ICP/MS (Fisons, Model PQS).
Silicon ATR crystal preparation
An ATR parallelogram (10 × 60 × 0.7 mm, 45˚ bevel angle) was prepared from an Si(100) wafer by mechanical polishing.
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Up to 90 internal reflections on each face with an IR beam incidence normal to the bevel face can be achieved. 13 Silicon ATR crystals were cleaned in a hot organic cleaning solution, H2O:NH4OH:H2O2 (5:1:1), etched in HF and thoroughly rinsed with ultrapure water. 12 The Ni 2+ sensing coating on the HFetched silicon ATR element was prepared by dipping into a solution mixture of 0.5 wt% Nafion and 1 wt% DMG. The concentration of Nafion was adjusted by adding appropriate amounts of stock solution (5% Nafion, Aldrich) in the DMG loading solution. A home-made dip-coating system with two pulleys and an appropriate counter weight was used to ensure the uniformity of the DMG/Nafion coating. The coated silicon ATR element was allowed to dry in air for 20 min. The bevel faces were then wiped clean with methanol prior to immersion into the Ni 2+ containing sample solution. All multiple internal reflection infrared spectroscopic (MIRIS) spectra were collected ex-situ after being removed from the sample solution and dried in air. The reproducibility of the DMG/Nafion coating was evaluated by measuring the characteristic peak of DMG at 1365 cm -1 . The relative standard deviation of the coating variation was less than 6% based on the nine separate DMG/Nafion coatings.
After each Ni 2+ sensing measurement, the DMG/Nafion coating was removed from the silicon ATR element by immersing in a hot organics cleaning solution for 10 min.
Instrumentation
The MIRIS spectra of the silicon ATR crystal were measured using a Fourier-transform infrared spectrometer (Bruker Equinox 55 FTIR system) with an MCT detector (high D * , narrow band, EG&G). A variable-angle ATR accessory from Pike technologies was used to hold the ATR crystal, and all spectra were measured with an angle of incidence of 45˚. All infrared (IR) spectra were collected at 4 cm -1 resolution after averaging 200 scans under an N2 purge. Thickness measurements of DMG/Nafion coating were performed using cross-sectional scanning electron microscopy on a JEOL JSM-T300 electron microscope.
Results and Discussion
The HF-etched silicon surface is known to terminate by hydrogen atoms. The resulting silicon hydride surface is highly hydrophobic with a water contact angle larger than 65˚.
14 Our initial approach to preparing the nickel IR sensor was to physically adsorb the DMG probe molecules directly onto the hydrophobic silicon ATR crystal surface. Figure 2(a) shows the resulting MIRIS spectrum obtained from a hydrogen-terminated silicon ATR element after being dip-coated in a 1% DMG solution and dried in the air. Figure 2 (b) corresponds to the MIRIS spectrum of the DMG coated silicon ATR element immersed in a 50 ppm Ni 2+ solution for 10 min and dried in the air. The DMG spectrum is featureless in the 1500 -1900 cm -1 region, whereas a unique IR peak centered at the 1572 cm -1 can be seen after being exposed to Ni 2+ . As illustrated in the insert of Fig. 2 , the 1572 cm -1 peak is attributed to the C=N stretching mode in the Ni(DMG)2 complex, whereas it does not appear in the DMG spectrum due to intramolecular hydrogen bonding. [15] [16] [17] The appearance of this unique peak in the Ni(DMG)2 spectra was employed to quantify the amount of Ni 2+ present in the solution. However, it was also noticed that the DMG coating was not uniform, and was easily detached from the silicon ATR crystal surface. These results indicated the need for a suitable matrix to hold the probe molecule and to ensure a uniform and reproducible coating.
Matrix factor
Nafion is a perfluorinated cation-exchange polymer with SO3 -pendant groups attached to its fluoropolymer chains. The fluorocarbon polymer backbone of Nafion should adhere well to the hydrophobic silicon ATR surface.
The non-rigid fluorocarbon polymer chains will also allow the DMG probe molecules to readily complex with Ni 2+ analyte to form the Ni(DMG)2 complex. The IR spectrum of Nafion has been wellstudied. [18] [19] [20] In addition, the cation exchange properties of Nafion membranes should assist in transporting Ni 2+ ions into the matrix to interact more efficiently with the DMG probe molecule. Figure 2(c) shows an ex situ MIRIS spectrum of a DMG/Nafion-coated ATR element after being immersed in a 50 ppm Ni 2+ solution. The dip-coating solution used to prepare the ATR element was a mixture of 1% DMG/0.5% Nafion. The Ni(DMG)2 spectra obtained for a DMG/Nafion-coated ATR element shows a ca. 40% increase in the C=N stretching peak intensity, as compared to a DMG-coated element, ref. Figs. 2(b) and 2(c). In addition, the Nafion coating was visibly uniform and quite robust in aqueous environments, as determined from subsequent experiments. However, there was a slight overlap of a Nafion peak (i.e. solvated SO3 -group in the 1600 -1650 cm -1 ) 18, 19 with that of the C=N peak from Ni(DMG)2. The results suggest that Nafion film aids in holding the DMG probe molecule onto to the silicon ATR element, and could be used as a matrix.
To optimize the Ni 2+ detection performance, we first varied the Nafion concentrations (0.1%, 0.5% and 1%) in the dipcoating solution while fixing the DMG loading at 1% in all cases. It was noticed that for a lower concentration of Nafion (especially 0.1%), the coating on silicon ATR crystal was non-
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ANALYTICAL SCIENCES APRIL 2002, VOL. 18 uniform, based on the observation under SEM. We thus confined our analysis to 0.5% and 1% Nafion concentrations. The C=N peak height for 0.5% Nafion was found to be significantly larger than that for the 1% case under similar conditions. Several factors could have contributed to the lower detectable C=N peak height in the thicker film prepared from 1% Nafion coating solution. For example, the limited penetration depth of the IR evanescent wave could hamper the Ni 2+ detection in the thicker Nafion film. To determine the penetration depth, we used a reported refractive index of general fluoropolymers 21 to approximate the actual refractive index of DMG/Nafion films. The penetration depth of the evanescent wave in Nafion film for 1572 cm -1 radiation (corresponding to C=N stretching mode) was estimated to be less than 0.5 µm. 13 We further measured the thickness of our DMG/Nafion coating using cross-sectional SEM. It was found that the average thickness for films prepared from 0.5% and 1% Nafion solutions was 1.5 and 2.6 µm, respectively. Our data suggested that not all of the DMG/Nafion film can be seen by the IR evanescent wave at 1572 cm -1 (corresponding to the C=N stretching peak). Therefore, an assimilation process of Ni 2+ ions from the solution into the detectable DMG/Nafion region near the ATR surface is needed prior to nickel detection. Consequently, a thicker coating would result in a weaker observable C=N peak since a longer assimilation time (via infra) would be needed to transport Ni 2+ through a thicker Nafion matrix. In addition, the IR absorption peak in the 1600 -1650 cm -1 , which corresponds to the SO3 -group of the Nafion background, is significantly enhanced in the 1% Nafion, as compared to the 0.5%. The SO3 -background peak partially overlaps with the edge of the C=N peak from the Ni(DMG)2 complex. Based on the above considerations, the concentration of Nafion in the dip-coating solution was chosen to be 0.5%.
Sampling time factor
A systematic study was undertaken to determine the optimum sampling time of a nickel IR sensor. Figure 3 depicts the timedependent C=N peak intensity data obtained from a nickel IR sensor dipped in a 30 ppm of Ni 2+ solution. With an increase in the immersion time it was observed that the peak intensity showed a noticeable increase. In the case of 0.5% Nafion, the C=N peak intensity reached a maximum at 10 min, followed by a slight decrease. We attribute the intensity decrease to a slight leaching of the Ni(DMG)2 from the Nafion matrix into the solution. We selected 10 min as the optimum sampling time, since it was the minimum immersion time required to provide the largest value for the observed C=N peak intensity. The assimilation of the Ni 2+ analyte takes longer, as expected for the thicker coating prepared from a 1% Nafion coating solution. The C=N peak intensity was found to increase steadily with time, but was consistently less than its 0.5% Nafion counterpart within 20 min of testing.
Optimization of DMG concentration
Next, we optimized the concentration of DMG in the coating solution to maximize the sensing capacity of the nickel IR sensor. A progressive increase in the intensity of the C=N peak was observed with increase in the DMG concentration in the coating solution. However, leaching of the red Ni(DMG)2 complex from the nickel IR sensor was observed when the sensing film was prepared in the coating solution with the DMG concentration exceeding 1%. The leaching of Ni(DMG)2 can affect the reproducibility and detection sensitivity of the nickel IR sensor. In addition, we observed no further improvement of the Ni 2+ detection limit when the DMG concentration exceeded 1%. The concentration of 1% DMG in a 0.5% Nafion coating solution was chosen to prepare the nickel IR sensor for subsequent sensor work. Figure 4 shows the MIRIS spectra and its calibration curve obtained from a nickel IR sensor immersed in sample solutions of different Ni 2+ concentration. There is a progressive increase in the C=N peak height with the increase of the Ni 2+ analyte. Apart from the observed increase of the C=N peak intensities, the rest of the background spectra look similar, indicating the uniformity and reproducibility of the DMG/Nafion coating on the silicon ATR element. Because the C=N peak partially overlaps with the solvated SO3 -peak from Nafion matrix, a 451 ANALYTICAL SCIENCES APRIL 2002, VOL. 18 curve-fitting calculation based on the Levenberg-Marquardt algorithm was employed to separate the C=N peak from its Nafion background. For a comparison, a direct measurement of the C=N peak height from a baseline between 1510 -1690 cm -1 was also carried out. The results obtained using curve fitting were within 4% of those obtained by measuring the peak height directly.
Quantitative analysis
Hence, it was deemed appropriate to use the results obtained directly from the C=N peak height without any mathematical manipulation. A calibration curve was obtained with a correlation coefficient of 0.97 and a relative standard deviation <6% for the three runs. The detection limit of our nickel IR sensor (S/N >3 as compared to the blank) was determined to be 5 ppm at pH = 6.
pH factor
The complexation of Ni 2+ with DMG is usually carried out in a slightly alkaline medium, since the formation of Ni(DMG)2 is accompanied by the loss of two protons. To determine a suitable pH range for the nickel sensing operation, we investigated the nickel IR sensor responses in 5 ppm Ni 2+ solutions of different pH. Our experimental data indicate that the C=N peak intensity increases with the increase of the solution alkalinity in a pH range between 5 and 8. A substantial drop in the C=N peak absorbance value at pH ≥9 was observed due to the leaching of red Ni(DMG)2 out of the matrix. The nickel detection at lower pH is also hampered, because the formation of the Ni(DMG)2 complex is not thermodynamically favorable under more acidic conditions. A point worth mentioning is that the detection limit of the IR sensor can be further improved to 1 ppm Ni 2+ in a slightly alkaline solution (pH = 8). Therefore, the operational pH range for the DMG/Nafion Ni 2+ sensor should be kept within 6 -8 to improve nickel detection.
Interference
It is known that Pd 2+ , Pt 2+ , Co 2+ , Cu 2+ and Fe 2+ ions also form complexes with DMG of differing stabilities. Because Pd and Pt are rather rare in nature, we confined our investigation to the Co 2+ , Cu 2+ and Fe 2+ ions. Figure 5 shows the effect of these three ions on the IR sensor responses to 30 ppm Ni 2+ . The vertical axis corresponds to the C=N peak intensity ratio obtained with/without the presence of the Co 2+ , Cu 2+ and Fe 2+ ions. The intensity ratio should ideally be one if no interference occurs. In the presence of Co 2+ and Fe 2+ , the nickel IR sensor responds optimally with a slight deviation from a straight line, which is close to the experimental error margin. In the case of Cu 2+ there is a continual drop in the C=N peak intensity with an increase in the Cu 2+ concentration. However, the C=N peak intensity corresponding to Cu(DMG)2 is still prominent even when 30 ppm of Cu 2+ is present along with 30 ppm of Ni 2+ . This observation suggests that Cu 2+ can actively compete with Ni 2+ to occupy the DMG binding sites in the Nafion matrix. It is worth mentioning that Cu(DMG)2 has its C=N peak at 1560 cm -1 , which is different from that of the Ni(DMG)2 complex. We suggest that the DMG/Nafion-coated ATR crystal can be used to qualitatively identify Cu 2+ and Ni 2+ at higher concentrations based on the different C=N peak locations for Ni(DMG)2 and Cu(DMG)2.
Nickel analysis in natural water system
To test the performance of the sensor we carried out a comparative experiment using lake water and pure lab water samples. The lake water which we collected did not contain any detectable amounts of Ni 2+ , but contained other ions, such as Zn, Ca, Sr, K, B, Si, Mg, Na, which were in the ppm range based on ICP-MS analysis. Appropriate amounts of Ni2SO4 were added to both samples to make up for 10 ppm Ni
2+
. The pH of the pure water sample was adjusted to match the lake water pH value, i.e. about 7. The C=N peak intensity of 10 ppm Ni 2+ detected in lake water was found to be similar to that of the laboratory water. It is important to note that pretreatments (like filtration, precipitation etc.) were not needed for the detection of 10 ppm Ni 2+ in a lake water sample using our nickel IR sensor. Organic residues and colloidal suspensions resulting from natural decay processes of vegetation and aquatic species are known to exist in the ppm range in natural water. The fact that no apparent decrease or interference of the C=N peak intensity in the presence of a natural organic background occurs suggests that an additional function may be operating from the Nafion matrix. We attribute the effective blockage of the organic interference to the fluorocarbon polymer backbone of the Nafion matrix, while its cation-exchange function allows the Ni 2+ ions to be assimilated near the ATR crystal surface and detected by the embedded DMG probe molecules.
In summary, a new nickel detection method based on DMG probes embedded in a Nafion matrix was demonstrated using the FTIR-ATR technique. The limit of Ni 2+ detection based on the unique C=N peak in Ni(DMG)2 was determined to be 1 -5 ppm in the pH operation range 6 -8. Cu 2+ was found to compete with Ni 2+ for the DMG binding sites in the Nafion matrix. Direct nickel detection in natural water samples without sample pretreatments was demonstrated. In order to make the nickel IR sensor more robust and useful, further improvements need to be made with regards to lower detection limits, expanded pH working range and regeneration of the sensor. The possibility of modifying the silicon surface using organic molecules has been shown by a number of researchers and characterized using IR spectroscopy. 22, 23 We are currently looking into different synthetic pathways to covalently attach organic probe molecules onto the silicon ATR surface in order to improve the sensor's effectiveness and to implement a similar approach to detect other metals as well. 
